Background: Although adjuvant radiotherapy (RT) following surgery for breast cancer improves overall survival, controversy exists about its long-term adverse impact on cardiovascular health in older survivors.
Introduction
In the last quarter century, survival after breast cancer has markedly increased because of advances in earlier detection, hormonal treatments, and chemotherapy and improvements in radiation therapy (RT). Almost 75% of breast cancer patients worldwide are treated with adjuvant therapy, primarily RT. Despite the reduction in local breast cancer recurrence and related mortality reductions due to RT (1, 2) , vascular damage can also occur (3) . Although data from clinical trials (1) and observational studies (4) have highlighted how this vascular damage may lead to symptomatic disease, the extent and nature of these late effects remain unclear due to discrepancies in prior reports. For example, conflicting results exist about the risk of cardiovascular disease (CVD) by laterality of breast cancer. Some reports suggest that women with leftsided breast cancer who received adjuvant RT are at greater risk of CVD including stroke due to increased radiation exposure to the heart (5) (6) (7) (8) (9) (10) (11) or to the carotid regions (12) (13) (14) (15) , whereas others found no differences in these outcomes due to laterality, possibly due to shorter study observation time (16, 17) . Although current RT techniques have reduced, but not eliminated, incidental cardiac irradiation, heart and vascular diseases are typically found many years after RT (18) . Hence, the longterm effects of RT on the cardiovascular system are not well understood (5) . The rationale for evaluating stroke is that the carotid arteries may be included in the radiation fields among women with node-positive breast cancer (12, 14) .
Furthermore, changes in RT technique over time and methodologic issues seem to account for the mixed research results (2, 6) . Recent studies of RT (conducted in the late 1980s forward; refs. 5, 18) have not been able to include patients with adequate follow-up time and therefore are not reassuring about the long-term safety of RT (5, 6 ). In addition, older studies that show cardiovascular effects often include patients treated with earlier and perhaps outdated techniques. Beyond this, the 2 most common limitations in observational studies include difficulty in ascertaining accurate treatment information and separating RT effects from chemotherapy agents that also affect vascular disease. Single-institution studies can carefully characterize treatment but have limited generalizability due to patient selection and a lack of variability in RT technique. Surveillance, Epidemiology, and End Results (SEER)-Medicare population-based studies possess less detailed treatment and medical history data and, because of frequent reliance on death certificates to identify late effects, most have commonly examined mortality rather than incidence of CVD (4). In addition, although clinical trials are invaluable for their primary goal of assessing treatment efficacy, such studies tend to include younger, healthier women; however, older women probably are at greater risk given age-related vascular changes and associated comorbidities.
In contrast, our Breast Cancer Treatment in Older Women (BOW) I study represents a novel opportunity to overcome many of these limitations. Specifically, BOW I is a population-based study of women whose treatments were comparable over time and detailed treatment and comorbidity data were collected through medical record reviews, which reduced the impact of potentially strong confounders. Thus, our goal was to determine whether cardiovascular morbidity is associated with RT among early-stage breast cancer survivors 65 years or older and determine whether laterality of the breast cancer treatment modifies this risk.
Participants and Methods

Design and study population
We conducted a cohort study of women 65 years or older who were diagnosed with early-stage breast cancer (American Joint Committee on Cancer TNM stage I, IIA, or IIB) from January 1, 1990, through December 31, 1994, and followed through December 31, 2004. These women were participants of the BOW I study. The study group was identified through the population-based cancer registries of the following 3 health plans: Kaiser Permanente, southern California; Group Health, western Washington; and Henry Ford Health System, Detroit, MI. The California, Washington, and Michigan registries are affiliated with the National Cancer Institute's SEER program. The number of women identified from these health plans who met the study eligibility was 1,457 [did not have concurrent bilateral breast cancer, no personal history of cancer (except nonmelanoma skin cancer)]. For this analysis, we further excluded women with a history of CVD prior to their breast cancer diagnosis (n ¼ 192), those who developed subsequent breast cancer (n ¼ 267), received chemotherapy (n ¼ 83) as such women would be at greater risk for CVD, or those who underwent BCS without radiation because they were systematically different from the analytic group at baseline (n ¼ 93; such women were much older, had greater comorbidity, and were more likely to be from minority groups). Finally, we also excluded women who did not complete their adjuvant RT sessions (n ¼ 16). This left 806 women for the analysis. The study protocol was reviewed and approved by the Institutional Review Boards at each participating site. A detailed description of the sampling and data collection protocols has been published elsewhere (BOW I study; ref. 19) . The distribution of characteristics in this study sample was similar to that of the whole BOW I cohort in terms of age, demographics, and breast cancer treatment (19) .
Identification of cardiovascular outcomes
The study outcomes included those CVD events that were serious enough to require hospitalization (ischemic heart disease, including acute myocardial infarction and angina, CVD, or stroke anytime following their initial breast cancer diagnosis). Electronic inpatient encounter codes (hospital discharge diagnoses) were used to identify these potential events. The Appendix includes the list of International Classification of Diseases (ICD) Version 9 and 10 codes for the study-specific outcomes. Outcome definitions were based on studies that assessed the validity of these ICD-9 and ICD-10 codes (20-23) and those used for Healthcare Effectiveness Data and Information Set (HEDIS) measures (24) . Cases were identified by the first occurrence of a primary diagnosis of a study outcome. Women with multiple primary diagnoses on the same day were assigned an outcome based on a priority scale. This algorithm was developed in conjunction with a study cardiologist to assign an outcome to cases with multiple outcomes on the same day: 1, acute myocardial infarction; 2, stroke; 3, congestive heart failure; 4, cardiomyopathy; 5, dysrhythmia; 6, valvular dysfunction; 7, angina; and 8, pericarditis. Women were categorized as having the outcome (presence/absence) in the analysis if they developed any of these conditions during follow-up. Noncases (CVD free) included women in the cohort who had no evidence of these cardiovascular conditions.
Covariates and breast cancer treatment information
We gathered breast cancer treatment, tumor characteristics, demographic, and CVD risk factor (diabetes and hypertension) information from the medical charts. Age and race/ethnicity were collected at baseline. Data on risk factors for CVD (hypertension and diabetes mellitus) were collected 1 year prior to breast cancer diagnosis. Other covariates included stage of diagnosis, year of diagnosis, estrogen receptor (ER) status, progesterone receptor (PR) status, laterality (side of invasive tumor), and health plan site. Primary and adjuvant breast cancer treatment included surgery, tamoxifen use, and completion of the first course of RT (i.e., the patient completed all the RT sessions prescribed).
Statistical analyses
Follow-up commenced on the date women completed their first course of RT (1990 RT ( -1994 and ended on the date of the CVD event, death, termination of health plan membership, or study end (December 31, 2004), whichever occurred first. Thus, the maximum follow-up time was 14 years. The definition of continuous health plan enrollment allowed for gaps of up to 60 days in enrollment during the study period, as these were likely to be administrative gaps. Completed RT was the exposure variable (yes/no). Differences in demographic and tumor characteristics by RT status were first examined by comparing c 2 or Fisher exact tests. We also estimated crude rates of CVD by RT use and laterality. HRs and 95% CIs were estimated using Cox models with time-dependent tamoxifen and RT (i.e., 0 up to start date; 1 after start date) and adjusted for the variables described earlier. In this way, the person-time accrued before RT contributed to the "no" RT group; after starting RT, the person-time contributed to the "yes" RT group.
We examined crude HRs and also evaluated additional multivariable models. One adjusted model included all covariates (fully adjusted), based on bivariate analyses and clinical relevance, whereas the other model included a subset of variables (parsimonious model). In addition, we examined the probability of CVD-free survival using Kaplan-Meier methods, with P values based on log-rank tests.
Results
The final study cohort consisted of 806 women (381 CVD event women and 425 CVD-free women) followed for a maximum of 14 years. Of the 425 CVD-free women, 75 died (18%) during the 14-year follow-up. Very few women were loss to follow-up [of 806 women, 52 (6.5%) disenrolled from the health plan]. The disenrollment was nondifferential by RT status, as roughly equal numbers of women left the health plans in each group. Table 1 shows the baseline characteristics of the BOW I women by RT status. The use of RT decreased substantially with age (P ¼ 0.0011). In addition, RT use was greater among white non-Hispanic women (P ¼ 0.0007), those diagnosed with stage I disease (P < 0.0001), and those with positive hormone receptors (P ¼ 0.003 for ERþ and 0.0421 for PRþ). Laterality of the tumor was not significantly related to RT use (P ¼ 0.0599). Very few women who underwent mastectomy received ipsilateral RT (3%, 16 of 482). Those who received adjuvant tamoxifen treatment were less likely to undergo RT (P < 0.001). Roughly half (48%) of the women had hypertension and 10% had diabetes, although the prevalence of these did not differ by RT status. Table 2 displays follow-up by breast cancer laterality among the 340 women exposed to RT. Overall, the median follow-up time following RT was similar in women with left-and right-sided tumors (about 10 years), and the range was 0 to 14 years.
Crude rates and overall and adjusted HRs stratified by RT and laterality are given in Table 3 . The fully adjusted model included all variables that were significantly associated with RT use in Table 1 or clinically relevant. Furthermore, this model included diabetes and hypertension, which were strongly associated with CVD (P < 0.0001 for both, data not shown). The parsimonious adjusted model excluded certain variables (year of diagnosis, health plan, and stage). Removal of these specific variables did not change the effect measures. Furthermore, we did not find an association when comparing CVD risk among women treated with and without RT [ Table 3 (models 1 and 2)]. In contrast, within the RTexposed subset (N ¼ 340) 4)]. In addition, we evaluated CVD-free probability in the subset of 340 women exposed to RT by breast cancer laterality. As shown in Figure 1 , women with left-sided tumors had significantly lower CVD-free survival probability than women with right-sided tumors (P ¼ 0.0296).
Discussion
In this study of more than 800 women treated in 3 health care delivery systems nationwide, we found that risk of CVD differed by laterality of breast cancer. Among older women exposed to RT, those with left-sided tumors were 53% more likely to develop CVD up to 14 years posttreatment (adjusted HR ¼ 1.53, 95% CI: 1.06-2.21). Our results show that it is important to stratify by laterality of breast cancer to understand the effect of RT on these outcomes. Radiation-induced heart damage is primarily caused by lesions to the microvasculature or by conduction abnormalities and arrhythmias related to autonomic dysfunction (3). The biological mechanism for these damages is not clear but involves a series of inflammatory reactions and formation of fibrous tissue in the heart and vascular system (6) .
Our study has a number of strengths. Data for this investigation were derived from a medical record review-based study and not just from electronic clinical data. Our study could overcome a number of limitations of previous studies. To minimize confounding, we excluded women who underwent chemotherapy and therefore would be at increased risk of cardiac outcomes. We also excluded women who received breast-conserving surgery only who were sicker and more likely to have subclinical CVD. Participants for this study were drawn from 3 community-based integrated health care delivery organizations and their care should reflect the general cancer treatment patients receive in other delivery systems in the United States. In addition, we included information on hypertension and diabetes, two of the most common and strongest risk factors for CVD. Furthermore, retention was excellent in the health plans as few women disenrolled; only 52 of 806 women (6.5%) were lost to follow-up (disenrollment was nondifferential by RT status).
Certain limitations of the study must also be considered. Although we did not examine radiation dose, the exposure assessment period was short (RT between 1990 and 1994), thus reflecting a period when radiation techniques were similar over the years. Capturing radiation dose information from the medical charts was incomplete in this study. Although these exposures occurred nearly 20 years ago when RT regimens may have been different from those used in the current practice, examination of these CVD health effects require long observation periods. Despite the small sample sizes in the RT-exposed group (n ¼ 340), we found a statistically significant increased risk of CVD when examining the HRs by laterality [ Table 3 (model 3)]; these results were supported by our evaluation of disease-free probability using Kaplan-Meier methods (Fig. 1) . In addition, although we did not examine other known risk factors for CVD such as body mass index and smoking, these behavioral factors likely operate through hypertension and diabetes mellitus; thus, our adjustment for these comorbidities accounts for the majority of the contribution of these variables. In our new study (BOW II), which was designed to examine the late effects of cancer treatments, we will extend follow-up (up to a maximum of 20 years post-breast cancer diagnosis) and collect a wider set of CVD risk factors.
Our results are consistent with findings from several earlier studies (4, 16, 25) . Although other studies have not found an association between laterality of RT and CVD risk, this may be due to inclusion of younger women in their studies (12, 22) and shorter follow-up times (15) or use of differing definitions of outcomes. In our study, our definitions for the CVD outcomes relied on previously validated ICD-9 and ICD-10 codes (20-23) and on the health care system codes used for HEDIS measures (24) . Indeed, recent articles warn clinicians that some irradiation to the anterior part of the heart is unavoidable even with refined modern RT techniques and that continued effort is required to minimize such exposures (5, 6, (26) (27) (28) (29) (30) . For older women with cancer of the left breast, RT may increase CVD risk. Very few studies provide rates of CVD by left versus right breast cancer by age; therefore, we cannot make direct comparisons. However, in Table 3 (model 3), the HRs are consistent with published findings. That is, among women exposed to RT, the risk of CVD is about 40% to 50% greater in women with radiation to the left side than those with radiation to the right side. For example, a SEER-based study found that the heart disease mortality ratio in 60-to 69-year-old women was 1.40 (95% CI: 1.15-1.70; ref. 26) . Although this cited article evaluated mortality, whereas we examined disease incidence, our results are consistent with results of the SEER-based study. In addition, in this managed care population, we also determined that women who were exposed to RT had a lower risk of CVD. Our hypothesis for this finding is that women who received RT were systematically different (healthier) from women who do not receive RT in these health plans. This is supported by our results in Table 1 ; in terms of proportions, women with hypertension were less likely to receive RT than those without hypertension (45% vs. 55%). Likewise, women with diabetes were less likely to receive RT than those without diabetes (7% vs. 93%). Other studies based on the SEER population have also encountered selection bias issues and have therefore focused their analyses on subsets of women exposed to RT (and excluded those exposed to chemotherapy; refs. 15, 16) . To be consistent with those studies, we similarly focused our main analyses (Table 3 and Fig. 1 ) on the subset of women exposed to RT. Future outcome studies of more contemporary cohorts of women treated with RT should incorporate laterality to determine whether the risk persists with refinements in the dosing and delivery of RT. 
